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Nef increases infectivity of HIV via lipid rafts
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Lipid rafts, also known as detergent-resistant Results and discussion
Since Nef is enriched in DRM [8], we examined if itmembranes (DRM), are microdomains in the
plasma membrane enriched in sphingolipids and could target the budding of HIV to lipid rafts in CD4-
negative cells and render progeny virions more infectious.cholesterol (reviewed in [1, 2]). Human
immunodeficiency virus 1 (HIV) buds via lipid rafts The removal of cholesterol disrupts lipid rafts. Therefore,
we also examined if the depletion of cholesterol could[3, 4]. However, the targeting of viral structural
components to DRM and its consequences for viral affect the function of Nef and decrease viral infectivity.
First, we isolated lipid rafts from 293T cells by sucrosereplication are not understood. Moreover, the
negative factor Nef from HIV increases viral gradient centrifugation [9]. DRM prepared by this method
is free of cytosol, endoplasmic reticulum, Golgi apparatus,infectivity (reviewed in [5, 6]). With no apparent
differences in structural components and endosomes, and lysosomes [9]. At the same time, the free
cytosol and plasma membrane were also prepared [10].morphology between wild-type and Nef virons,
the latter viruses display less efficient reverse Control experiments in Figure 1a indicated that specific
markers were correctly distributed in our fractions. Thetranscription in target cells. As Nef is expressed
abundantly early in the viral replicative cycle [7], we majority of caveolin, a marker for lipid rafts in fibroblasts,
was located in the DRM fraction (Figure 1a, middlehypothesized that Nef could affect viral
morphogenesis and budding to render viruses more panel). Similarly, the ganglioside GM1 was absolutely
enriched in this fraction (Figure 1a, bottom panel). Asinfectious. In this report, we demonstrated first that
Nef increases viral budding from lipid rafts. Second, previously described, CD45 was restricted to the plasma
membrane fraction (Figure 1a, top panel) [11]. A 3-foldin the presence of Nef, viral envelopes contain
more ganglioside (GM1), which is a major enrichment of cholesterol in lipid rafts over that in the
plasma membrane was also observed (Figure 1b, comparecomponent of lipid rafts. This finding correlated
directly with the increased infectivity of HIV. Finally, DRM to PM).
the depletion of exogenous and endogenous
cholesterol biochemically and genetically, which Next, we examined the distribution of viral proteins. 293T
disrupted lipid rafts, decreased viral infectivity only cells were transfected with three proviral clones, wild-
in the presence of Nef. Importantly, HIV lacking the type HIV (pNL-43), Nef HIV (pNL-N), and the vari-
nef gene remained unaffected by these ant HIV bearing a mutation in the myristoylation site
manipulations. We conclude that lipids in virions are of Nef (pNL-MyrNef). Analyzing these different Nef
essential for viral infectivity. Thus, HIV becomes proteins demonstrated that the wild-type protein was
more infectious when it buds from lipid rafts, and present in all fractions (Figure 1c, left top panel). This
Nef plays a major role in this process. finding indicated a significant enrichment ofNef inDRM,
due to the low concentration of lipid rafts in the plasma
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amounts of these Gag proteins (especially p55, p48, and
p41) were up to 5-fold higher in DRM than in the plasma
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Figure 1 lecular weight forms reflects the site of virion assembly.
Importantly, with the mutantNef andMyrNef viruses,
these Gag proteins were not as enriched in DRM (Figure
1c, middle and right lower panels). We also quantified
Gag proteins by p24Gag capture ELISA. p24Gag was
up to 4-fold more enriched in DRM than in the plasma
membrane fraction for the wild-type virus (Figure 1d,
compare bars 2 and 3). Given that DRM only represent
a small portion of the plasma membrane, this distribution
represents a significant enrichment of Gag in lipid rafts.
As observed in Figure 1d, indicated by white and striped
bars, Gag was distributed almost equally between the
plasma membrane and DRM in the two mutant viruses.
These results suggest that Nef helps to target the viral
assembly and budding to lipid rafts.
To confirm this observation, we examined whether the
presence of Nef influences the amount of GM1 on viral
envelopes. HIV particles were captured by cholera toxin
B, which is a specific ligand for GM1, and normalized by
p24Gag ELISA. Indeed, the wild-type virus contained
much more GM1 than the mutant MyrNef and Nef
viruses (Figure 1e, compare slopes with white squares to
those with white circles and white diamonds). Impor-
tantly, amounts of Env were equivalent on these different
virions (data not shown). Thus, Nef also increases the
lipid content of progeny virions.
To address the consequence of this targeting to lipid rafts
and lipid composition of virions, we first used biochemical
approaches to determine how cholesterol affects viral in-Nef directs the budding of HIV to lipid rafts. (a) Isolation of lipid rafts.
293T cells were separated into cytosol , C; plasma membrane, PM; fectivity in a single round of replication [13]. HIV was
and detergent resistant membrane, DRM, lipid rafts fractions. Samples produced in 293T cells, in which cellular cholesterol could
were then normalized to amounts of protein and analyzed for the presence
be depleted pharmacologically. Cellular cholesterol is de-of caveolin, CD45, and GM1 by Western blotting. (b) Determination
rived from the de novo synthesis and uptake from theof amounts of cholesterol in different fractions. Amounts of
cholesterol in samples from (a) were determined and are presented extracellular environment [14]. Since the serum in the
in g/ml. They were normalized to concentrations of protein in these medium is the only source of extracellular cholesterol, we
fractions. (c) Analysis of viral proteins in different fractions. 293T cells
depleted extracellular cholesterol by growing cells in thewere transfected with three HIV proviral clones, pNL-43, pNL-N,
lipoprotein poor serum (LPPS) instead of the fetal calfand pNL-MyrNef. Infected cells were fractionated by sucrose gradient
centrifugation. Equal amounts of protein were loaded and analyzed serum (FCS) [15]. The synthesis of endogenous choles-
by Western blotting. (d) Quantification of Gag in different fractions. terol was blocked partially by treating cells with 25 M
Samples from (c) were normalized to amounts of total cellular protein, HMG-CoA synthase inhibitor L-659,699 for only 6 hr [16].and Gag was quantified by p24Gag antigen capture ELISA. (e)
The cultivation of cells in 10% LPPS medium or withDetermination of GM1 on the envelopes from different virions. HIV
was produced from 293T cells, and viral particles were stained with L-659,699 in 10% FCS reduced levels of cellular choles-
cholera toxin B and captured by the goat anti-cholera toxin B terol, an effect that was even more pronounced when
antibody. Results represent the percentage of cholera toxin B bound both treatments were combined (Figure 2a, compare barscompared to the input virus. The slopes represent the following
2, 3, and 4 to 1). Next, these decreased levels of cellularviruses: open squares, pNL-43; open diamonds, pNL-N; and open
circles, pNL-MyrNef. The open triangles represent the control cholesterol correlated directly with the reduced infectivity
experiment in which pNL-43 virus was isolated with the goat IgG after of the wild-typeHIV, indicating that high levels of choles-
cholera toxin B staining. Standard deviations from the mean are terol in virions are required for their infectivity (Figurerepresentative of three independent experiments.
2b, compare black bars 2, 3, and 4 to 1). In sharp contrast,
the infectivity of the mutant Nef virus was not affected
by the reduction of cellular cholesterol (Figure 2b, com-
pare all white bars). Importantly, the presence of Nef hadmembrane and cytosol (Figure 1c, left lower panel). More-
over, since the processing of the Gag polyprotein occurs only a marginal effect on virion infectivity at low levels
of cholesterol (Figure 2b, compare black bar 4 to anyduring viral budding, the abundance of these higher mo-
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Figure 2
Cellular cholesterol affects wild-type HIV
infectivity. (a) Determination of cellular
cholesterol under different culture conditions.
293T cells were cultured in a medium
containing 10% FCS in the absence or
presence of 25 M L-659,699 for 6 hr. They
were also cultured in the medium containing
10% LPPS in the absence or presence of
25 M L-659,699 for 6 hr. Cholesterol was
extracted and quantified. Results are
presented as described in Figure 1b. (b)
Determination of viral infectivity by a single
round replication assay (MAGI assay). 293T
cells were transfected with pNL-43 and pNL-
N and grown under the same culture
conditions as those described in (a), and
virion infectivity was determined. The infectivity
of collected viruses was defined as the
number of blue cells divided by the amount of
p24Gag in the input virus. Results represent
relative values, with the infectivity of pNL-N
virus from 293T cells grown in LPPS set to 1.
white bar). This reduction in infectivity correlated directly These cells provided a genetic system for the function
of lipid rafts in HIV infection. Unlike mouse cells, CHOwith the incomplete depletion of cholesterol (compare
black bars 4 and 1 in Figures 2a,b). We conclude that cells are permissive for viral replication, provided that the
human cyclin T1 is coexpressed with the provirus [19].Nef enhances virion infectivity only in the presence of
adequate levels of intracellular cholesterol. Therefore, HIV particles could be produced from these
cells, and their infectivity could be determined. As pre-
sented in Figure 3d, black bar 4, under conditions inFor a more complete depletion of cholesterol, we used
a genetic system in which the synthesis of endogenous which lipid rafts were disrupted, Nef did not increase
virion infectivity. BetweenCHO-K1 cells cultured in FCScholesterol is blocked (compare Figures 2a and 3a). The
mutant CHO (Chinese hamster ovary) cell line CHO-215 and CHO-215 cells cultured in LPPS, the infectivity en-
hancement dropped from 5-fold to slightly over 1-fold,[17] cannot synthesize C27 and C28 sterols and depends
on exogenous cholesterol for survival [18]. Levels of total respectively (Figure 3d, compare black and white bars 1
to black and white bars 4). At the lowest levels of choles-cellular cholesterol weremeasured in the wild-type CHO-
K1 and mutant CHO-215 cells that were cultured under terol, the wild-type virus resembled the Nef virus (Fig-
ure 3d, compare black bar 4 to white bar 4). Importantly,different conditions. The highest and lowest levels of
cholesterol were observed when both exogenous and en- the virion infectivity of Nef viruses did not vary with
the depletion of cholesterol. In sharp contrast, effects ofdogenous pathways were active (Figure 3a, CHO-K1 cells,
bar 1) and blocked (Figure 3a, CHO-215 cells, bar 4), Nef were reduced in direct proportion to the reduced
levels of cholesterol. The endogenous cholesterol againrespectively. Because methods for the detection of cellu-
lar cholesterol do not distinguish between the free and played a more important role than the exogenous choles-
terol (Figure 3d, compare black bar 2 with black bar 3).esterified cholesterol, we also determined levels of free
cholesterol in DRM. Only free cholesterol is found in the These results indicate that the ability of Nef to enhance
HIV infectivity is dependent on lipid rafts.plasma membrane and lipid rafts, and it was reduced
equivalently (Figure 3b, compare bar 1 to bar 4). Next,
we used GM1 as the marker for DRM. With both assays, In summary, our study demonstrates that Nef increases
virion infectivity in a manner that depends on cholesterollipid rafts were disrupted when most of the cholesterol
was removed (Figure 3c, compare bar 1 to bar 4). Although and GM1 in lipid rafts. This effect is a consequence of
its targeting of viral budding to lipid rafts. Most likely,both endogenous and exogenous cholesterol could restore
lipid rafts, the endogenous cholesterol played a more im- Nef participates directly in the formation of the budding
scaffold. Nef not only multimerizes, binds to the plasmaportant role in the restoration of these cells (Figure 3c,
compare bar 2 to bar 3). The same results were obtained membrane [20] and localizes to lipid rafts [8], but also
interacts with viral structural subunits and is thus recruitedusing caveolin as another marker for lipid rafts (data not
shown). Together, these data indicate that the formation into virions [20, 21]. Its association with and activation
of the phosphoinosytol-3-kinase (T. Linnemann et al.,of lipid rafts is inhibited when cholesterol is removed in
CHO-215 cells. submitted), the guanine nucleotide exchange factor Vav,
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Figure 3 and signaling, this viral accessory protein could also influ-
ence the metabolism of cholesterol. In light of this report
and previous studies [25, 26], it is intriguing to speculate
that some future manipulation of intracellular cholesterol
could make HIV less infectious in the host.
Supplementary material
The materials and methods that were used can be found with the elec-
tronic version of this article at http://images.cellpress.com/supmat/
supmatin.htm.
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